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L‘? 'ﬂve, Outline of the course was a’s,/f///

~
D. Stanat presented an lntr@gﬂon to algorithms and data structures of general interest.

T. Ottmann introduced the field ofAemnputauoml geometry; with a talk on geometric algorithms in the
plane. He demonstrated geometrical divide-and-conquer the problem of reporting intersecting
linesegments. Then he discussed sweep line algorithms the same problems, introducing the use of
skeleton structures and exploring minimization of space requirements. The usage of plane sweep
to report intersecting iso-oriented to the introduction of segment trees, interval trees and
priority search on of a graph was demonstrated -on the problem of polygon
intersection. Finally, a hidden line detection algorithm was presented.

J. Hopcroft discussed (eeometrlal problems related to robotics; After giving an overview of the fleld, his
talks centered on the two problems of automated generation of blending surfaces and on motion planning.

P. Widmayer discuued%\euﬂsua for finding approximations for Steiner minimum trees, The exact
solution of this pro&mls known to be np-complete. j
wnRemprompete .

e =

i)
K. Hinrichs described;the grid file as a data structure suited for geometrical computation and presented
experienice with the Implementation. J

S
A Meter emlalmdiz:liffennt schemes for representing three-dimensional objects;, Furthermore he
discussed how the Relational Data Base model could be used to store geometric objects. He pointed out
some of the problems of this approach and indicated possible extensions of the model] to make it
suitable for compu try. e

F. Luccio dlscusseddvlslbﬂlty problems that occur in VLSLﬂ) He showed the equivalence of a
cabili

visibility problem with a planar graph and hence the appli of graph theory. He also briefly
explained the view of a program as a decision tree.

F. Preparata In his overview of geometric algorithms lntmduced‘a)lgoﬁthms for point location, convex hull
and the maxima of a set of vectors in two and three dimensions, The time complexity of these algorithms
was discussed. Algorithms for constructing Voronol diagranfmy were Introduced to solve proximity
problems and the use of plane sweep algorithms for solving planar | on problems was shown.

e ael ?)
Additional contributions cume from J. Sack and Th. Strothotte who presented a recent result on/merging
heaps and also pointed out some unsolved problems. ¢

Further information on the talks can be found in the enclosed papers handed out by J. Hopcroft, K.
Hinrichs, A. Meler and F. Lucclo.

Zurich, July 26, 1985 Prof. J. Nievergelt
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1-33100 UDINE (italy), Palazzo del Torso. Piazza Garibaldl, 18
Tel. {0432) 294989-22523

Course on
ALGORITHMS AND DATA STRUCTURES FOR GEOMETRIC COMPUTATION
Udine, July 8-12, 1985

TIME TABLE

Monday: 9.00 - 10. 30 Registration
10.30 - 12. 30 D. Stanat: Introduction to Algorithms and
o Data Structures, I;
14.30 - 16. 30 D, Stanat: Introduction to Algorithms and
Data Structures, II;
Tuesday: 9.00 - 11.00 T. Ottmann: Geometric Algorithms in the
Plane, I;
11.30 - 12.30 F. Luccio: Visibility Problems, I;
14.30 - 16. 30 J. Hopcroft: Robotics Algorithms, I;
Wednesday: 9.00 - 11.00 T. Ottrmann: Geometric Algorithms in the
' Plane, II;
11. 30 - 12.30 K. Hinrichs: Data Structures for
Geometric Computation;
~ 14.30 - 16. 30 J. Hopcroft: Robotics Algorithms, II;

20%® Divrev: Holdk ASM
Thursday: 9.00 - 11.00 A.Meier: Data Bases for Geometric Objects;

11.30 - 12. 30 F. Luccio: Visibility Problems, II;

14.30 - 16. 30 F. Preparata: Overview on Geometric
Algorithms, I;
Friday: 9.00 - 11.00 F. Preparata: Overview on Geometric

Algorithms, 1I;
11.30 - 12. 30 Discussions.

Possible contributed talks will be delivered at the end of the
afternoon sessions.
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tract for talks at CISM
Introduction to Algorithms and Data Structures .

Donald F. Stanat ;
The University of North Carolina at Chapel Hill o
Chapel Hill, North Carolina, USA ik

se talks will provide a fast-paced introduction to the field of
orithms and data structures. We will begin with a description of
basic abstract data structures: arrays, lists, trees and graphs,

ether with implementations of the structures. We will include
sures of cost, both in time and space, of various operations on
se structures for each of the implementations. Finally, we will

cuss some selected advanced data structures, including hash tables,
ps and a number of different kinds of balanced trees.

- we will survey some general algorithm types, including greedy
orithms, divide and conquer. and exhaustive search, including some
the ways of making exhaustive search feasible: backtracking, branch
bound, and dynamic programming.

ally we will describe the cost of solving really hard procblems and o
roduce the notion of NP (Nondeterministic Polynomial) difficulty. Y
time permits, we'll also talk about approximation algorithms for o
blems whose exact solutions have NP cost; these approximatiocns

orithms provide a means of getting a non-optimal sclution at

erate cost for a problem whose optimal solution is too expensive.




Storage and access structures for geometric data bases

J. Nlevergelt and K. Hinrichs
Informatik, ETH, CH-8092 Zirch

Abstract

Geometric computation and data bases, two hitherto unrelated computing technologies, have begun to
influence each cther In response to the growing use of graphics and computer-aided design. CAD imposes
a rew challenge to c'ata base Implementers. A data base systemn for CAD must manage "In designer real
Ume" large collecons not of points, bul of spatial objects, In such a way that proximity queries (such as
intersection, contact, minimal tolerances) are answered efficiently. There are many techniques for reducing
the problem of storing spatial objects 1o storing (sets of) points. Common to all of them Is the problem
that simple queries on objects turn into complex queries on polnts - much mere complex than orthogonal
range Gueries.

We describe in detail a technique which Is particularly sultable for storing geometric objects buiit up from
simmple primitives, as they commonly occur in CAD. Proximity queries are handled efficienty as part of
the acceszsing mechanism to disk. This techrique s based on a transformation of spatial otjects {nto poin:s
in higher-diumendional parcmeter spaces and on the data structure grid file that answers region queries of
complex shape efficlenty. The grid file is desigred to store higly dynamic sets of multl-dimensional data
in such 1 way that commen gueries are answered using few disk accesses: a point query requires two disk
accesses, a region query requires at most two disk accesses per data bucket retrieved. We describe a
sollwire pachage that implements the grid file and some of {ts applications.

Contents

1 Gecmetic computation and data bases

1.1 Three generaticns of compuling applications

1.2 Computaticnal geomelry - theory and practice

1.3 The conventonal data base approach 1o “non-standard™ data
1.4 Geomelric modeling separated from storage considerations

2 An approach to combined geometric modeling and storing:
Aprrodmaticn, transfernaticn to parameter space, grid flle

2.1 Trarsformation to parameter space

2.2 Intersecton queries lead to cone-shaped search reglons

23 Ewvduatngregion queries with a grid file

2.4 The grid fil= soflware package

15 Cuae studies of appiications

1 Geometric computation and data bases

Georeric computation and data bases, two hitherto unrelated computing technologles, have begun to
Infiuernce exch cther In resperse to the growing use of grephics and computer-aided deslgn (CAD). We
recall the'lr origtins, goals, typical technlques, and explain the difficultes each of them has [n handling the
requirernents of the other.

1.1 Three generations of computing applications

Y

The types of computer applications demirant at different imes may be classified Into three generatiors s
Arcerding to thetr Influerce on the development of computing.

‘Aam b

Prncaadinz_s of the Internationsi Conference Mav 21-24, 1983, Kvote, Japan S
on Foundations of Data Organization i S
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.. USING A RELATIONAL DBMS FOR SOLID MODELING

“raditionally, engineering and design data has been handled by ad-hoc or simple file
ystems with the inherent disadvantages of high redundancy and poor or non-existent data
ndependence. In other words, the way the data is physically organized within the file must
e known to the programs that access the data: Any change in the data organization requires
‘hanging the programs and vice-versa. When the number of files increases, the consistent
reatment of data becomes a problem in itself. It is not surprising therefore that today’s
fevelopers of CAD systems begin to realize the importance of independent data
srganization [Ullman 1982]. They start experiments with databases although engineering
ipplications exhibit characteristics which impose specific requirements on existing DBMS.
‘n this section, we discuss how solids either by the CSG- or BR-approach may be stored in a
-elational database and list the main advantages and disadvantages.

2.1, Constructive Solid Geometry

Although none of the existing solid representation schemes is suitable for all applications,
the CSG-scheme provides a concise way to store a volumetric object. Halfspaces may be
used as primitives at the lowest level. However, the resulting object representations are not
neceusarily regular sets [Requicha 1980] because of the unboundedness of primitive
halfspaces. Instead, cubes, cones, cylinders etc. are usually used as pnmmves A 3D object
can then te described with the following grammar:

COBJECT> ©:= <PRIMITIVE> |
<OBJECT> <MOTION> ARGUMENT |
<OBIECT> <OPERATION> <OBJECT>

PRIMITIVE> :: = CUBE! CYLINDER | CONE!I SPHERE! ...
{MOTIONY 1= TRANSLATE | ROTATE | SCALE
{OPERATION> :: = UNION | INTERSECTION | DIFFERENCE

The semantics of a CSG-representation is clear: Each subtree represents a solid, ie. a
regular set, resulting from the combinatorial or motion operators to the subparts. The
dynamic behavior of the data structure results from the recursiveness embedded in the
grammar rules. In the relational model, recursiveness has to be broken down, and a solid
may te described by several relations: It has to be treated as a whole at a high object level
while providing its individual details at lower part levels.

The conceptual scheme of the CSG-approach is given in Fig. 2: Each OBJECT in a
CSG-representation consists of several PARTS. In the relational model, this hierarchical
structure has to be described by at least two independent relations in order to limit data
redurdancy. Furthermore, two generic structures are imposed by the CSG-scheme [Lee and
Fu 1983} which cannot be defined directly by relations. First, each part may either be a
TRAMNSFORMED-, or a PRIMITIVE-, or a COMBINED-PART according to the grammar
rules, for instance, a COMBINED-PART consists of two parts, namely the FIRST one and
the SECOND one plus the corresponding Boolean OPERATION union, intersection, or
difference. Second, each primitive part is either a CUBE, or a CONE, or a CYLINDER etc.
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orientability, i.e. faces may intersect only at common edges or vertices, and each edge is
shared by exactly two faces etc. Mathematically, the surface of a solid described in boundary
representation may be treated as a manifold.

After having discussed the main schemes for representing solids we ask which ones are
suitable for database techniques:

Fig. 1: Using Database Techniques for Solid Modeling.

In Primitive Instancing it is obvious that each instance may be considered as a record or tuple
in a Data Base Management System (DBMS). Since a shape type and a limited set of
parameter values specify an object, parametrization does not involve much work for
geometric and topological computation. Therefore, every commercial DBMS might be good
enough for describing and storing a part family. On the other hand, both Spatial Enumeration
and Cell Decomposition schemes are not adequate using database techniques, especially if the
objects are described in fine resolution or by a large number of cells. The cost of database
interaction for object manipulation becomes unreasonably high. Storing objects described by
Constructive Solid Geometry or Boundary Representation schemes in a database, however, seems
promising.

This paper will concentrate on database aspects for solid modeling. Section 2 describes how
objects given in CSG- or BR-representation may be mapped into a relational database
scheme. In section 3, a surrogate model is introduced to better support geometric and
topological information. A proposal for direct handling of vectors, matrices, and tensors in
the relational model is outlined in section 4. First experiments and conclusions are given in
section 5.

..............................




1. REPRESENTATION SCHEMES FOR SOLIDS

For Computer-Aided Design (CAD) of three-dimensional objects (3D objects or solids), the
geometric and topological aspects of part and assembly specification is important. In
[Requicha 1980}, several representation schemes for solids are discussed some of which we
briefly describe.

Primitive Instancing is based on a family or group of objects where each member is
distinguishable by a few parameters. For instance, the family of cog wheels may be
described by a type code, the wheel’'s diameter and the number of equally spaced cogs.
Other properties of the objects are not specified explicitly;, they either are constant
throughout the family or they depend on specified parameters. Primitive instancing lacks the
possibility of combining representations in order to create new or more complex schemes. It
is also difficult or even impossible to derive geometric and topological properties directly
from such schemes. In practice however, parametrization is applicable (and still widely used)
as long as the catalog of parameters does not become to large.

Spatial Enumeration denotes a scheme where the embedding space is divided into a grid of
volume elements, and a solid is represented by a list of occupied grid blocks or elements.
Recently, the octree encoding (e.g. [Meagher 1982]) as a hierarchical spatial enumeration has
been discussed as a representation scheme for solid modeling. It divides the space occupied
by a solid into eight cubic parts recursively until a fixed maximal resolution is reached.
There are some advantages to this data structure; e.g. Boolean operations, hidden surface
removal or interference detection show linear growth because all objects are kept spatially
pre-sorted at all times. However, when moving objects are taken into account, more
computation is invoived.

Cell Decomposition methods are based on the results of triangulation theory. A solid or
polyhedron is decomposed into disjoint parts of different dimensions. Therefore, operations
and calculations become easier due to disjointness. Cell decomposition may be considered as
a generalized spatial occupancy enumeration where cells neither have to lie on a fixed grid
nor have a pre-specified size and shape. In [Bieri and Nef 1982), a recursive sweep-plane
algorithm is presented that enumerates the cells of all dimensions into which space may be
partitioned by a finite set of hyperplanes. The described method is also suitable to compute
the Euler characteristic, the volume or other integral parts of polyhedrons represented in
Booiean form. Local information is collected at every vertex and summed up for the result.

Constructive Solid Geometry (CSG) denotes a family of representing schemes where each
object is described as Boolean construction or combination of solid components via the
regularized set operations such as union, intersection, and difference. Regularity provides a
natural formalization of dimension preserving properties [Tilove 1980], ie. the result of a
Boolean operation of two solids is volumetric; dangling edges and faces or isolated points
are not allowed. It is important to note that each CSG-scheme may be described as a tree
where non-terminal nodes represent operations both for construction and transformation,
and terminal nodes denote primitives or arguments of motion respectively.

' R .. .o C
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Boundary Represeruation (BR) describes a solid by its bounding surface which often is
subdivided into curvature-continous regions known as faces. Each face as a region of its
underlying surface is again bounded by a perimeter ring of edges which are, in turn,
bounded by a pair of vertices. The bounding surface has some unique characteristics such as 1

ot




APPLYING RELATIONAL DATABASE TECHNIQUES TO
SOLID MODELING*

Andreas Meler
Informatik, ETH Zurich
CH-8092 Zurich

. Abstract:

Two main approaches to solid modeling have been taken by developers of CAD systems.
One is to rely on a set of primitives and to use regularized set operations (i.e. Constructive
Solid Geometry), the other is to rely on a set of Euler operators that combine faces, edges,
and vertices (i.e. Boundary Representation). Investigating both approaches, we discuss some
of the shortcomings when storing geometric objects in a relational database. In addition, we
describe a surrogate concept currently being implemented which allows the user to define
structural relationships among semantically related data. Based on surrogate values, two
constructs PART-OF and [S-A are defined in order to retrieve and manipulate geometric
objects efficiently. Finally, a structured type for handling vectors, matrices, and tensors as
attribute values is proposed by dropping the First Normal Form.

Keywords:

Geometric modeling, constructive solid geometry, boundary representation, relational
database, surrogates, vectors, matrices, tensors.

Contents:

1. Representation Schemes for Solids
2. Using a Relational DBMS for Solid Modeling
2.1. Constructive Solid Geometry
2.2. Boundary Representation
3. A Surrogate Model
3.1. Surrogates versus User Keys
3.2. PART-OF and IS-A Structures
3.3. Data Retrieval and Manipulation
4. Vectors, Matrices, and Tensors
5. First Results and Conclusions

+) This is a revised version of the paper given at the Gl-Conference on Database Systemns for Office
Automation, Engineering, and Scientific Applications, Karlsruhe, W. Germany, March 1985. This work was
supported, in part, by the Swiss National Science Foundation, under grant number 2.533-0.82.
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becen registered. Besides the coordinates of the corresponding hectare there are other attributes stored in
each record, for instance the ldentification number of the municipality the hectare belongs to or the type of
ground cover of the hectare; since these attributes are not used as keys for performing queries they are
neglected. The records have been Inserted Into a two-dimensional grid file using as keys the two
coordinates of the corresponding hectare. Typically, these records are accessed by range queries to find all
the hectares that belong to a rectangular region.
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Flig. 2.7: Connected components of a layout mask.
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Portability has been achieved by defining two interfaces: One towards the host (hardware and operating
systemn), the other towards client programs. The software can be transferred to other systems by adapting a
module GFHost that isolates the machine- and disk-dependent parts of the program. It provides procedures
for:

- creating and initializing disk storage;

- opening and closing communication channels between the disk and the grid file module;
- creating, deleting, reading and writing disk blocks;

- managing empty disk blocks.

The interface towards cllent programs consists of several modules that provide utility and query
procedures:

- creating, deleting, opening and closing a grid file.

- Insertng and deleting records in a grid flle.

- changing non-key Information {n a record.

- polnt query: find all records with given key values xj, ... , Xk (If keys are unique at most one record will
be found).

- range query: find all records whose key values xj l{e In given intervals [, y{] (1 <1 < k).

- user defined region query: the user has to write a procedure which {s called by the grid flle system and
determines whether a grid cell (given by intervals [}, up) (1 <1 < X)) intersects the search region defined
by the user.

- nextabove, nextbelow: given key | with key value x, find the records with key values above or below x
and next to x;; this gives the user the possibllity to process the records sequentlally with respect to one
key.

- join query: the join query {s a generalization of the join operator known from relational data bases. The
user has to write some procedures which are called by the grid flle system and guide the join query.

- counting: the above queries can be performed by only counting the records, but not transferring them to
the user program.

2.5 Case studies of applications

The grid file software package has been used to store and process geometric objects in the following
applications {Hin 85a).

Producing layout masks for integrated circuits (Fig. 2.7). Mask generated by a CAD system for chip design
(David Mann Formal) are presented as a set of aligned rectangles. Fabrication requires that a mask s
represented as the setf of connected componenis generated by rectangle overlap, 1. e. a set of aligned
polygons (all edges parallel to the coordinate axes, Manhattan geometry). This transformation program was
implemented by processing rectangles in a 4-dimensional grid file and computing the connected
components by intersection queries.

Preprocessing plotter files. In a CAD system for mechanical engineering plotter files are preprocessed in
crder to reduce Lhe total distance along which the raised pen has to be moved. The task of finding an
optimal solution to thls problem !s equivalent to the traveling salesman problem and therefore
NP-complete. The plotler files contain line segments and arcs which have to be drawn. The end points of
the line segments and the arcs are stored in a 2-dimensional grid flle. A reduction of the total pen plotting
tme is achleved by nearest neighbor queries on this grid flle. A similar method using quad trees s
presented in [(And 83].

Arclyzing phetegraphic salellite data. A photograph obtained by a satellite consists of 512 « 512 pixels.
Each pixel i3 ass'gned four color values In the range from 0 to 255. These pixels are stored in a
4-dimensional grld file. The ground Imaged by these pixels Is then classified into water, forest, flelds,
residential and metropolitan areas etc., by range queries on this grid flle.

Maraging stmple spatial obfects An interactive program manages large sets of simple spattal objects, e. g.
rectargles, circles and segments. These objects, each of which Is defined by a fixed number of parameters,
are stored {n different grid flles, one for each type of object. The program allows the user to Insert and
delete simple spatial objects and to perform proxdmity querles (e. g. Intersection, contalnment) on the
stored data.

Processing geographic data. The Swiss Federal Offlce for Statistics made available to us a flle which
contains raster Information about Switzerland. Each record in this flle represents a square of 100 meters by

10Q meters (1 hectare). Switzerland covers about 4'000'000 hectares, but only about 100°000 hectares have
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2.3 Evaluating region querles with a grid file

We have seen that proximity queries on spatial objects lead to search reglons significantly more complex
than orthogonal range queries. The grid file [NHS 84] is a structure for storing multidimensional point data
designed to allow the evaluation of Irregularly shaped search regions In such & way that the complexity of
the region affects CPU time bul not disk accesses The latter limit the performance of a data base
implementation.

The grid file partitions space Into raster cells and assigns data buckets to cells. The partition information {s
kept in scales one for each axis of space; the assigrument is recorded In an array called grid directory. The
directory is likely to be large and must therefore be kept on disk, but the scales are small and can be kept in
central memory. Therefore, the grid file realizes the two-disk-access principle for single point retrieval
{exact match query): by searching the scales, the k coordinates of a data polnt are converted (nto Interval
indices without any disk accesses; these Indices provide direct access to the correct element of the grid
directory on disk, where the bucket address s located. In a second access the correct data bucket (l.e. the
bucket that contains the data point to be searched for, If it exists) is read from disk. A query region Q is
matched against the scales and converted into a set [ of Index tuples that refer to entries in the directory.
Only after this preprocessing do we access disk to retrieve the comrect pages of the directory and the correct
data buckets whose regions intersects Q (Fig. 2.6).

|
|
|
|

Fig. 2.6: Query in a grid flle.

A gecmetric join query Is answered In an analogous way. Let f and f be the two grid files Involved, and let
H and /' be the underlying higher-dimensional spaces. The scales of f and f define a grid on the Cartestan
product A X H'. The cells of this grid which Intersect the search reglon in i X H* are determined by
matching the scales of the two grid flles agalnst the search reglon. As in the case of proxdmity queriesona
s:ngle grid file this computation needs no access to disk. If a cell intersects the search region the
corresponding pair of buckets (Bf , Bp) s accessed from disk via the grid directories of f and . If the
Carteclan product of the bucket reglons of By and Bp Is completely contained In the search region all pairs
cf chiects corresponding to pairs of points (pf, pp) with pg € By and pp € Bp fulflll the join condition. If
tte Carteslan product of the bucket regicns of By and Bp is not completely contalned In the search region
il pairs of poinis (pg, pp) with pr € By and pp € Bp must be checked in order to see whether they lie
inside cr outside the search region, I. e. whether the corresponding pairs of objects fulfill the joln condition.
A bufTer of minimal size of two pages receives pairs of data buckets (Bf, Bp) ace ~rling to a scheduling
policy similar to the one mentioned in [MKY 81}

2.4 The grid file software package

Tre grid file Is Implemented in Modula-2 and FORTRAN-77 as a portable data management package of
ahout akcut S200 lines of source code. The Modula-2 version {Hin 85a, 85b) runs on the DEC-VAX 11
urder VMS, on the DEC-PDP 11 under RT-11 and on some personal computers based on the Motorola
&34)00 processor. The FORTRAN-77 version has been developed on a DEC-VAX 11. The package Includes
a Preleg !nterprater that gives the user Interactive access to the data store ' In grid flles, and serves as a
powerful query language that permits deduction.
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Flg. 2.4b: Search region for an Intersection query with a line L.

Geometric Joln query. Let @' be another class of simple spatial objects with parameter space H’, and I C
Q. For every A € {1 let A’p C H’ be the set of all points in A" representing A’ € @ such that A and A’
intersect. Denote by P4 the polnt In H representing a spatial object A € Q. The region In the Cartesian
product A X H’ that contains all polnts representing palrs (A, A") € T' X I” of intersecting objects {s the
unfon of the sets {Pa} X H’p for all A € ; this region is particularly simple for the different classes of
simple spatial objects.

Let {} be the class of points, ' the class of intervals on a straight line. Then H X H'is the 3-dimensional
space. All pairs (p, ) of polnts p with coordinate x and Intervals I = (cx, dx) such that p € [ are represented
by peints lying in the solid shown in Fig. 2.5. This solid is obtained by moving the search region for a
point-in-interval query along the bisector in the x-cx-plane.

ax
4

s search region for
Y, point-in-interval query
14 for point p

Fig. 2.5: Search region for a geometric join query.
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Fig. 2.3: Search region for an interval intersection query.
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Fig. 2.4a: Search region for a point query in the class of circles in the plane.
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Fig. 2.2: Search region for a point query In the class of aligned rectangles in the plane.

3) Let 11 be the class of circles In the plane. As parameters for the representation of a drcle as a point in
3-dimensional space we choose the coordinates of its center (cx, cy) and its racius r. All drcles which
overlap a point q are represented In the corresponding 3-dimensional space by points lying in the cone with
vertex q shown In Flg. 2.4a. The axis of the cone is parallel to the r-axis (the extension parameter), Its
vertey Is q conslidered as a polnt in the.cx-cy-plane (the subspace of the location parameters).

Polnt set query. Glven a set Q of points, the region In A that contains all points representing objects A € T
which intersect Q Is theunion of the regions In A that result from the point querties for each point in Q. The
urdon of conesis a particularly stmple region In H if the query set Qis a simple spatial object.

1) Let 0 be the class of tntervals on a straight line. Aninterval | = (cx, dx) intersects 8 query Interval Q =

(cq, dq) If and only If its representing point lies In the shaded region shown In Fig. 2.3; this region is given
by the Irequalitlescx - dx < ¢q + dqand cx + dx > cq - dg.

2) Let G be the class of aligned rectangles in the plane. If Q Ls also an aligned rectangle then O s again
treated as the Cartesian product of two classes of intervals, one along the x-axis, the other along the y-axis.

All rectangles which Intersect Q are represented by points in 4-dimensional space lying In the Cartesian
product of two interval Intersection query reglons.

3) Let 02 be the class of circles In the plane. All circles which intersect a line segment L are represented by
points lying In the cone-shaped solld shown in Fig. 2.4b. This solld Is obtained by embedding L In the
cx-cy-plane, the subspace of the location parameters, and moving the cone with vertex at q along L.
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intervals on a long line clustering along the diagonal, teaving large regions of a large embedding space
unpcpulated; whereas the same set of Intervals represented by a location parameter cx and an extension
parameter dx, fills a smaller embedding space in a much more uniform way. With the assumption of
bounded d, this data distribution is easier to handle.
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Flg. 2.1: Intervals on a straight line. F—0x—

22 Intersection queries lead to cone-shaped scarch regions

Intersection is a2 basic component of other proxdmity queries, and thus deserves special attenticn. CAD

design rules, for example, cften require different objects to be separated by some minimal distance. This is

equivalent o requiring that otjects surrounded by a rim do not intersect. Glven a class Q of simple spatial

oblects with parameter space A, and a set I' C Q of simple objects represented as points in H, we consider

three types of queries:

- point query: given a query point q. find all objects A € T for which q € A.

- point set query: given a set Q of polnts, find all objects A € T which Intersect Q.

- geomelrdc join query: given another class @ of spatial objects with parameler space A’ andaset " C @',
find all pairs (A, A") € T X I” of intersecting objects.

Polct query. For a query point q compute the region in / that contains all points representing objects tn T
which overlap q.

1) Let Q be the class of Intervals on a straight line. An interval given by its center cx and its half length dx
overlaps a potnt q with coordinate gx if and only ifex - dx € gx < cx + dx

2) The class @1 cf allgned rectangles in the plane (with parameters cx, ¢y, dx, dy) can be treated as the
Cartesian product of two classes of intervals, cre aleng the x-axis, the other along the y-axis. All rectangles
which contaln a glven point q are represented by points in 4-dimensional space lying in the Cartesfan

product of two point-in-interval query regions (Fig. 2.2). The regicon Is shown by Its projections into the
cx-dx-plane and the cy-dy-plane.
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simple object such as a point or a line segment. Even if the solld and the query are far apart, all the
components of the sclid must be examined in a tree traversal to detect this. What Is lacking Is some concisely
stated geometric information that describes global properties of the solid and its location In space.

2 An approach to combined geometric modeling and storing:
Approximation, transformation ‘o parameter space, grid file

The technique we now present for modeling and storing spatial objects is based on 1) approximation of
complex spatlal objects by simple shapes, e.g contalners 2) trangformation of simple spatial obdjects into
polnts n higher-dimensional parameter spaces, and 3) the grid file for point storage.

Complex, lrregularly shaped spatial objects can be represented or approximated by simpler ones in a
variety of ways, for example: decomposition, as in a quad tree tessellation of a figure Into disjoint raster
squares of size as large as possible; representation as a cover of overiapping stmple shapes; enclosing it ina
container chosen from a class of simple shapes. The container technique allows efficient processing of
proxdmity queries because it preserves the most Important properties for proximity-based access to spatial
objects, in particular: {t does not break up the object into components that must be processed separately,
and it eliminates many potental tests quickly (if two contalners don't intersect, the otjects within won't
either). As an example, consider finding all polygons that Intersect a given query polygon, given that each
of them Is enclosed In a simpie container such as a circle or an aligned rectangle. Testing two polygons for
intersection s an expensive operation as compared to testing their contalners for intersection. The cheap
contalner test excludes most of the polygons from an expensive, detailed intersection check.

Any approxdmation technique limits the primitive shapes that must be stored to one or a few lypes, for
example aligned rectangles or boxes. An instance of such a type Is determined by a few parameters, such as
coordirates of its center and its extensien, and can be considered to be a point in a Chigher-dimensionat)
parameter space. This transformation recduces object storage to point storage, Increasing the dimensionality
of the problem but without loss of information. Combined with an efficient multidimensional data structure
for point storage it is the basis for an effective implementation of data bases of spatial objects.

2.1 Transformation to parameter space

Consider a class of simple spatial objects, such as aligned rectangles in the plane (l.e. with sides parallel to
the axes). Within its class, each object is defined by a small number of parameters. For example, an aligned
rectargle is determined by its center (cx, cy) and the haif-length of each side, dx and dy.

An object defined within its class {1 by k parameters, can be considered to be a polnt in 8 k-dimensional
parameter space H assigried to Q. For example, an aligned rectangle becomes a point in 4-dimensionai
space. All of the gecmetric and topological properties of an object can be deduced from the class it belongs to
and from the coordinales of ils corresponding point {n parameter space.

Different cholces of the parameter space H for the same class 3 of objects are appropriate, depending on
characteristics of the data to be processed. Some conslderations that may determine the cholce of
parameters are:

1) Distinction between locaticn paremeters and extendon parameters For some classes of simple objects it
is reasonable to disungulsh locallon parameters, such as the center (cx, cy) of an aligned rectangle, from
extersion parameters, such as the Lalf sides dx and dy. This distinction Ls always possible for objects that
can be described as Cartesian products of spheres of various dimensions. For example, a rectangle s the
product of two l-dimensional spheres, a cylinder the product of a 1-dimensional and a 2-dimensional
sphere. Whenever this distinction can be made, cone-shaped search regions generated by proximity queries
as described {n section 2.3 have a simple intuitive Interpretation: The subspace of the location parameters
acts as a ‘mirror” that reflects a query.

2) Independernce of parcmeters, uniform ditribution. As an example, consider the class of all intervals on a
stralght line (Fig. 2.1). If Intervals are represented by thelr left and right endpoints, 1x and rx, the constraint
Ix < rx restrics all representations of these Intervals by polnts (Ix rx) to the triangle above the dlagonal.
Any da'a structure that organizes the embedding space of the data points, as opposed to the particular set of
polnts that must be stored, will pay some overhead for representing the unpopulated half of the embedding
space. A coordinate transformation that distributes data all over the embedding space leads to more
efficient storage. The phenomenon of nonuniform data distribution can be worse than this. In most
applications, the bullding blocks from which complex objects are built are much smaller than the space in
which they are embedded, as the size of a brick s snall compared to the size of a house. If so, parameters
such as 1x rx that locate boundaries of an object, are highly dependent on each other. Fig. 2.1 shows short
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1.3 The conventional data base approach to “non-standard™ data

Data base technology has developed over the past two decades in response to the needs of commerdial
data processing. The key concepts introduced and supported by data base software mirror the reality that
used to be handled manually by office clerks. Large quantities of records of a few different types,
ldentified by a small number of attributes, mostly retrieved in response to relatively simple queries: point
queries that ask for the presence or absence of one particular record, Interval or range queries that ask for
all records whase attribute values lle within given lower and upper bounds. More complex queries tend to
be reduced to these basic typs.

Data base software has yet to take Into account the specific requirements of geometric computation, as can
be seen from the terminology used: Geometric objects are lumped into the amorphous pool of
“non-standard™ applications. The sharp distinction between the logical view presented to the user and the
Physical aspects that the Implementer sees has been possible In conventional data base applications
because data structures that allow efficient handling of point sets are well understood The same distiction
{s premature for geometric data bases: in interactive applications such as CAD efficiency Is the real issue,
and untl we understand geometric storage techniques better we may not be able to afford the luwary of
studying geometric modeling divorced from physical storage. Consider the following example.

A set of polyhedra might be stored in a relational data base by using the boundary representation (BR)
approach: a polyhedron p s given by Its faces, a face f by its bounding edges, an edge e by its endpoints 1
and s3. Four relations polyhedra, faces, edges and points might have the following structure:

A tuple in the relation polyhedra is a pair (py, fiy) of Identifiers for a polyhedron and a face: fy is a face of
polyhedron py.

A tuple in the relation faces s a pair (f, ej) of identiflers for a face and an edge: ¢j is a bounding edge of
face fy.

A tuple in the relation edges s a triple (g3, 5], 3p) of identifiers for one edge and two points: s and s, are
the endpoints of edge &-

A tuple in the relation pointsis a triple (sp, % ¥): s 1s the identifier of a point, x and y are its coordinates.

This representation smashes an object Into parts which are spread over different relations and therefore
over the storage medlum. The question whether a polyhedron P lntersects a given line 1 {s answered by
intersecting each face fiy of a pclyhedron py with 1. If the tuple (pj, fi) in the relation pelyhedra contains

the equation of the corresponding plane, the Intersection point of the plane and the line | can be computed
without accessing other relations. But in order to determine whether this intersection point lies inside or
outsice the face fy requires accessing tuples of edges and points, 1. e. accessing different blocks of storage,

resulting In many more Cisk accesses than the geometric problem requires.
1.4 Geometric modeling separated from storage considerations

In this early stage of development of geometric data base technology, we cannot afford to focus on
modeling to the exclusion of Implementation aspects. /n graphics and CAD the recl issue s efficlency:
1710-th of a seccnd Is limit of human tme resolution, and a designer works at maxdmal efficlency when
“trivial” requests are displayed “Instantanecusly”. This allows a couple of disk accesses only, which meam
that gecmetric and other spatial attributes must be part of the retrieval mechanism if common geometric
Guertes (Intersection, Inclusion, point querles) are to be handled efficiently.

A key problem that affects effictency Is how to reduce complex objects to simpler ones chosen from
precefined primitives. Among the standard techniques known we have already discussed how boundary
representaticns stored in a relaticnal data base prevent efficient access based on geometric queries. The
problem of an object being torn apart happens also In another standard modeling technique, constructive
solid geometry CSG. Let us briefly discuss the consequences of basing the physical storage structure
directly on such modeling techniques.

In constructive solld modeling a complex object s constructed from simple primitives, such as cubes or
spheres, by means of Boolean operations unjon, intersection and difference. The construction process ls
represented by a tree. Each leaf of a CSG tree contains a simple sbject, each Internal node contains a
Boolean cperation. To each node a geometric transformation such as scaling, transiation and rotation may
ke azzigried. The Boolean operation is applied to the objects represented by the left and right subtree of
the node. A grometric transformation assigned 1o a leaf is applled to the simple cb!ect stored tn the leaf, a
gecmetric transfermation assigned to an internal node is applied to the object resulting from the Boolean
eperation stored in this node. Now constder the query whether a solid in CSG representation Intersects a
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The first generation, characterized by numerical ccmpuling, led to the development of many new
algorithms. It transformed numerical analysis from a craft to be practiced by every spplied mathematician
Into a fleld for specialists. It soon becamne obvious that writng good (eficlent, robust) numerical sofiware
requires so much knowledge and effort that this task cannot be lefl to the applications programmer. The
development of large portable numerical libraries became one of the major tasks for professional
numerical analysts,

The second generation, hatched by the needs of commercial data processing, led to the development of
many new dala structures. It focused attention on the problem of efficlent managemens of large, dynamic
data collections, initlally under batch processing conditions. Searching and sorting were recognized as
basic operations whaose time requirements tumed out to be the bottleneck for many applications. Data
base technology emerged to shleld the end-user from the detalls of Implementation (storage techniques,
features dependent on hardware- and operating systemn), by presenting the data in the form of logical
models that highlight relationships among data itemns rather than their intemal representation, and by
Introducing the abstraction of access path to hide detailed access algorithms of underlying data structures.

We are now on the threshold of a third generation of applications, dominated by computing with pictorial
and geometric objects. This change of emphasis Is triggered by today’s ubiquitous Interactive use of
personal computers, and their increasing graphics capabilities. It is a simple fact that people absorb
information fastest when It Is presented in pictorial form, hence computer graphics and the underlying
processing of geometric objects will play a role in the majority of computer applications. The fleld of
computational gecmetry has emerged as a sclentific discipline during this past decade in response to the
growing importance of processing pictorial and geometric objects. It has already created novel and
interesting algorithms and data structures, and is beginning to tmpact data base technology under the label
(hopefully temporary) of non-standard datatase applications In order to understand how geometric
computaton is likely to affect data bases, it is useful 1o survey some milestones in this rapidly developing
fleld which Is replacing the traditional areas of numeric computation and of data management as the major
research topic in algorithm analysis.

12 Computational geometry - theory and practice

During the seventies geometric problems caught the attention of researchers in concrete complexty
theory. They brought to bear the finely honed tools of algorithm analysls and achieved raptd progress.
Elementary problems (e. g. determining intersections of simple objects such as line segments, aligned
rectangles, polygons) ylelded elegantly to general algorithmic principles such as divide-and-conquer or
plane sweep. But In many Instances a surprisingly large increase of difficulty showed up In going from two
o three dimensions: for example, intersection of polyhedra is still an active research topic where major
efficiency galns are to be expected. The theory of computational geometry, although well underway, has as
yet explored only a fraction of its potental territory.

The practice of compulational geometry Is even less well understocd. Many important geometric problems
in computer-aicded design, in geographical data processing, In graphics do nof lend themselves to being
stucied and evaluated by the asymptouc performance formulas that the algorithm analyst cherishes. For
examrle, asymptotics does not help in answering the question whether we can access an object In one disk
access or two, thus being able to display It “Instantaneously” on the designer’s screen - realistic
assumpions about the size of today's central memories are needed. Nor will asymptotics setle the
argument raging in the CAD community between preponents of boundary representations and adherents
of constructive solid geometry - taste, experience, and type of application are the relevant parameters.
And below the highly visible Issues of object representation, data structures and algorithms hide the
tantallzing cetalls of the numerics of computational geometry, such as the problems caused by “bralding
straight lines”, which may intersect repeatedy.

Commerclally avallable software In computer graphics and CAD has not yet taken {nto account the results
of computational geomelry. Stralghtforward algorithms are being used whose theoretical efficiency Is poor
as compared to known results. Perhaps the straightforward algorithuns are better in practice than
thecretically optimal ones bw! such difficult quesiions have hardly been investigated, as CAD systems
development today is so labor intensive that all resources are absorbed by just getting the system to work,
and algorithm analysis has so far largely restricted itself to theoretically measurable performance.

We kncw by analogy with numerical analysis what the rext step should be in the maturing process of
computational geometry: The develorment of efficient, poriable, rcbust program librartes for the most basic,
Jfrequent geomelric operntions on stardard representations of geemetric objects. In other words, we must
develop the geometric subroutine library of CAD, thus exposing theoretical results to stringent practical
tests.
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Fig. 2: Conceptual Scheme of the CSG-Approach.

In the classical relational model, data is organized as record instances (tuples) in tables
(relations). There are no schema defined relationships such as PART-OF and IS-A
structures. Instead, a high level language (predicate calculus or relational algebra) is used for
exploiting relationships based on values. However, the mapping of highly interrelated data
into tuples in one or more relations has to be done entirely by the user. For instance, the
important feature of a generic structure which says that all descendant objects must bear the
same key domains as their ascendants has to be enforced by the user himself. The relational
model does not allow individual objects to be uniformly referred to regardless of the generic
class in which they appear.

Other drawbacks using the ciassical relational model are due to normalization. A relation is
said to be in First Normal Form [Ullman 1982] if and only if it satisfies the constraint that it
contains atomic values only. Note that in our example of a CSG-scheme, this condition is
very inconvenient. For instance, a TRANSFORMED-PART may be described by a part
number and a transformation matrix, e.g. a 4x4-matrix in homogeneous coordinates. To
describe these facts in a normalized relation, sixteen attributes must be introduced
artificially which correspond to the matrix arguments. Of course, one would instead only
define three arguments PARAMI1, PARAM?2 and PARAM3 for motion parameters, plus a
further attribute MOTION which denotes if it is a translation, a rotation, or a scaling
operation. In any case, the First Normal Form is cumbersome.

In conclusion, the study of the CSG-approach in solid modeling suggests the following
extensions to the relational model: There should be a way of defining PART-OF and IS-A
structures explicitly to the system in order to give the user the possibility of querying an
object or part of it as a whole rather than assembling different relations and thinking about
all “nown interrelationships. In addition, the First Normal Form should be dropped. Or at
least, the user should have a direct way of storing matrices as data types into a tuple, and the
database system shculd incorporate features for non-atomic fields into its calculus or
algebra

2.2. Bonndary Representation

With the Boundary Representation model, solids are described by a collection of faces which
in turn are represented by their bounding edges and faces. So called Euler operators allow
incremental manipulation of the objects while restoring well-formedness of the surfaces:
closedness, orientability, nonself-intersection, boundedness, and connectivity [Eastman and
Weiler 1979). These topological properties are condensed in the Fuler-Poincaré formula:
with f faces, e edges, v vertices, r inner loops of faces called rings, ¢ cavities or hollow tubes,
and g holes through the body (or genus g corresponding to the number of handles in graph
topology) the following condition holds:

f-e+v-r=2+(c-g)

The practical relevance of the formula is ensuring that shapes are topologically well-formed:
e.g. its application eliminates the danger of ill-formed solids such as the Klein bottle. If we
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consider the above formula as a hyperplane in six-dimensional space, the iaw restricts the
valid transitions to a subset of all those combinatorically possible. Of course, the desired set
of Euler operators should cover the hyperplane; a possible spanning set of five primitive
operators may be defined as follows:

e o

f e v r ¢ g
: MEF resp. KEF 1 1 0 o O o0 -
] MEV resp. KEV o 1 1 0 o0 O s
; MEKR resp. KEMR 0 1 0-1 0 0 .
MFVC resp. KFVC 1 0 1 O 1 0 "
MFKGR resp. KFMGR 1 0 0-1 0-1

The Euler operator MEF stands for "Make Edge and Face” which obviously does not change
the above characteristic, it is also invers to KEV, i.e. "Kill Edge and Face". Any transition in
the Eulerian plane can now be represented as a linear combination of the five primitive
Euler operators. Each of these or a combination enables the construction of a possible
unique topology. They reduce bookkeeping requirements needed to guarantee that the
resuiting shapes are well-formed, i.e. non-intersecting, closed, and orientable.

We now discuss the conceptual scheme of solids described in boundary representation (see
Fig. 3). The structure of a bounded shape model, i.e. OBJECT, is comprised of spatial
surfaces named faces. Each FACE is bounded by one or more loops of edges where each
loop is the concatenation of line segments, i.e. edges, into a closed RING. EDGES are
bounded by VERTICES at their intersections, in our scheme, every edge is given by a
START a3id END vertex, and it topologically points to the LEFT and RIGHT ring
respectively.

Fig. 3: Conceptual Scheme of the BR-Approach.

Using a DBMS for storing objects in boundary representation is advantogeous for the
following reasons. For instance, the discussed Euler operators are atomic in the sense that
they topologically guarantee to handle manifolds consistently, ie. to fulfill the
Euler-Poincar€ formula. To construct the topology of a cube for instance, a sequence of a
MFVC, seven MEV, and five MEF operators is needed. Thus, the notion of transaction in
database theory [Ullman 1982} might be very helpfui to better control consistency: The
sequence of Euler operators would start with a BEGIN TRANSACTION command and
finish with an END TRANSACTION command. The transaction mechanism is such that
other transactions (or users) do not see the changes of a transaction until this transaction
commits. When it commits, the whole sequence of Euler operators, e.g. the topology of a
cube, become visible to other users. If a transaction does not commit but aborts or

terminates abnormally, any change to the data are undone and other transactions will see
none of the changes.

There are some drawbacks when using relational database technology for bounded surfaces.
First, the user is forced to define keyssuch as O#,F#, R#, E# and V#. These values are
necessary to unjquely identify each tuple within a relation. However, to enumerate all faces
of an object, all rings of a face, all edges of a ring or both vertices of an edge should be
superfluous when interacting through the graphical interface of the solid modeler. T;l-_I‘
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Each instance of the BR-scheme is a group of tuples comprising a single root tuple which
defines the object, and several dependent tuples in distinct relations which form its
boundary, l.e. faces, rings, edges, and vertices. Even if a structure such as PART-OF would be
expressed relationally in terms of matching values, it could not be manipulated as a single
object. For example, in order to delete an object, the user must issue one delete statement
for each tuple in all dependent relations of the object.

Also the First Normal Form condition brings disadvantages for a BR-scheme. For instance, a
vertex may be described by its positional number and coordinates. Due to normalization, the
coordinates may not be treated as vectors but have to be distributed into three attribute
domains, namely for x-, y-, and z-values.

.....................
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3. A SURROGATE MODEL

We now describe a surrogate concept as the basis for an engineering database system, we
demonstrate the usability of surrogates for defining PART-OF and IS-A structures in solid
modeling, and we give some data retrieval and manipulation considerations.

3.1. Surrogates versus User Keys

In [Hall et al. 1976}, it was pointed out that the relational model cannot denote an individual
object independently of its attributes. In other words, what would happen if a particular part
number (unique identifier) in a CAD database is replaced by a new one: Is it a change to
that part number or a replacement by a new part with the same characteristics? To solve this
problem, Hall et al. propose to use surrogates as "data model representatives” of the entities
(unlike tuple identifiers used, e.g. in System R [Astrahan et al. 1976]) and draw the following
distinction:

SURROGATES act as invariant values for individual entities; these values can appear
at different places in the database to link entities together.

USER KEYS  act as unique identifiers under user control to identify an individual
entity.

One extension of the relational model [Codd 1979] suggests a unary relation for each entity
type to list all the surrogates of entities which are currently recorded in the database. Codd's
entity integrity constraint allows insertions and deletions of surrogate values but not updates
and null values.

Surrogates can be used to provide both fast access and storage independence. Deen’s
implementation [Deen 1982] employs key compression to provide a more uniform
distribution, a hashing algorithm to place tuples on data pages, and an indexing technique to
allow fast sequential access. However, Deen'’s surrogates are similar to tuple identifiers and
are generated from primary keys. Therefore, whenever a primary key value changes, its
corresponding surrogate also changes.

We introduce a system-controlled attribute SURROGATE and restrict the surrogate values
according to the following rules:

= Each SURROGATE value is system-wide unique(e.g. concatenation of processor number,
database identification, and clock time or sequence number per relation) in order to
allow for merging of databases from different sites.

— The values of a SURROGATE attribute cannot be changed. The user has no control over
the SURROGATE values although they may or may not be made available to him (e.g. it
seems appropriate to give surrogate values back to programmers as a program variable).

A SURROGATE acts as an invariant value for each tuple, and no special attribute needs to
be chosen as the primary key. In our example of the BR-approach for instance, the user
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could define O#, F#, R#, E# and V# as surrogates. The system would then
automatically generate unique identifiers whenever a tuple is inserted in a relation. In
addition, these values could be used to define the structural semantics of the objects.

Very often, the user likes to deal with user-defined primary keys which have some semantic
meaning to him. To avoid the introduction of two independent identifier concepts, we
introduce a binding mechanism between SURROGATES and USER KEYS via a special index
called KEY-INDEX. This index is restricted to a single attribute, i.e. unique key, and implies
a binding to its corresponding SURROGATE attribute. It is important to note that 3 user
key may or may not exist and may sometimes be changed: Supporting access to an
individual tuple of a relation is always guaranteed via the SURROGATE values.

Furthermore, we define two built-in functions to map system-generated SURROGATES
onto user defined USER KEYS and vice versa: KEY(surrogate) retrieves the user key
corresponding to a surrogaie value if one exists, and SURR(user key) retrieves the surrogate
value of a specific user key. A one-to-one mapping between internal SURROGATE values
and USER KEYS is guaranteed if the attribute of the indexed column is specified with a
NOT NULL option. In this case, both functions KEY and SURR yield a unique value which
is never null whereas a non-existing operand produces an error message.

3.2. PART-OF and IS-A Structures

Based on the surrogate concept introduced so far, we show how the structural part of our
conceptual schemes for solid modeling can be described more directly. In Fig. 2 for instance,
the entity set OBJECT can be referred to as root relation which identifies its hierarchical
subparts. In order to define this hierarchical structure, we introduce the new attribute
SURROGATE for system-generated values in the root relation:

RELATION Object;

ATTRIBUTE
Art#: Number;
O#: SURROGATE ;
Description: String20;
IDENT
Art# PRIMARY DOMAIN;
KEY-INDEX
Art#,0#;

END Cbject;

Besides the object number O# (as a surrogate), a user key Art# may be defined and
combined with a KEY-INDEX. This index allows the user to retrieve data by article
numbers rather than internal surrogates. It also may be used to improve the performance of

queries based on the user key attribute, e.g. when searching for tuples with a given article
number.

The SURROGATE columns have a semantic meaning besides technical properties such as
clustering, avoiding composite keys, and improving performance: They may be used to
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reference relations. For instance, the dependent relation PART is distinguished by the -
PART-OF attribute that contains surrogates pointing to tuples in the corresponding parent _._-'.jJ
relation OBJECT:

RELATICN Part;

ATTRIBUTE
P#: SURROGATE;
O#: PART-OF (Object);
Material: Classification;
: END Part;
Furthermore, an additional column type IS-A may be used to refer to other relations which
: correspond to a generalization hierarchy. As an example, we consider the relation
€® CYLINDER which is generalized by the relation PRIMITIVE-PART:
RELATICN Cylinder;
ATTRIBUTE
C#. Number :
P#: IS-A(Primitive-Part);
Radius: REAL;
Height: REAL;
TDENT

C# PRIMARY DOMAIN;
(Radius,Height) UNIQUE;
END Cylinder;

The PART-OF construct is used to define hierarchies of relations and implicitly expresses an
existential quantific :tjion: For each instance of the hierarchical class, there exist objects
constituting its parts. On the other hand, the 1S-A hierarchy implicitly expresses a universal
quantification: Every instance of a subordinate class has all the properties of the more
general class. (Besides PART-OF and IS-A structures, an additional attribute type
REFERENCE-OF may be defined to refer to tuples of the same or a different hierarchy.
This construct, however, would ask for specific semantics, and performance enhancements
would become more difficult, i.e. natural clustering of data may no longer be apr'icable).

33. Data Retrieval and Manipulations

To retrieve data from PART-OF and IS-A hierarchies, a3 user would often have to join

- component relations with parent or ancestor relations which requires knowledge of the
. external structure of a complex object. Instead of defining several join predicates along
+ particular branches involving SURROGATE, PART-OF, and 1S-A columns, the user may

specify an implicit join operator. By this, the whole implicit structure of aggregation or
generalization concepts become more transparent and may be easier handled at the user
interface.
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We discuss the following query based on the relations OBJECT and PART described in the
previous section: Show a material list of the article with number 1200.

with implicit join: without implicit join:
SELECT Material SELECT Material
FROM Object.Part FROM Object, Part X
WHERE  Art#=1200; WHERE  Art#=1200 AND o

Object.O#=Part.O#;

The linear implicit join from OBJECT to PART is an equi-join between parent relation and

direct child relation. The notation for implicit joins also generalizes to subschemes which are

hierarchical rather than linear. Precise definitions and illustrative examples are given in ey
6o [Meier and Lorie 1983]. -

An example for using the built-in function KEY is based on the primarily defined
KEY-INDEX combining the SURROGATE attribute O# and the USER KEY Art# in

relation OBJECT. We consider the following query: Give all article numbers of objects
which comprise metal parts. -

with KEY-INDEX: without KEY -INDEX:
SELECT KEY(O#) SELECT Art#
| FRCM Part FRCM Cbject, Part
. WHERE  Material=metal; WHERE  Material=metal AND =
Object.O#=Part.0#; o

[t should be ncted that even if the key value is null, the built-in function KEY can still be
performed cince ornly identifiers are needed. Of course, the proposed KEY (and SURR)
concept is minimal and helps to avoid writing additional joins to retrieve user keys. It does
not help when more than the user key is desired from referenced relations.

The implicit join and the built-in functions KEY and SURR can be used advantageously for
incertion and deletion. Although updating through a join is difficult in general, the clean
semantics ¢f PART-OF and IS-A structures allow using implicit joins in update statements.

We have discuszed a gereral notion for collecting tuples from different relations by

introducing a SURROGATE concept which allows retrieving and manipulating structured
: data. Since the system knows both the structure and the internal representation of the data
¢ from the system catalogs, it can optimize the implicit join accordingly and decide whether or

not to use the specialized KEY - INDEX. Accessing solids as interrelated data in a CAD
: database directly instead of scanaing throug™ different relations improves performance in
, design work.

7

....................
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4. VECTORS, MATRICES, AND TENSORS

We have argued that in geometric modeling it might be interesting to store the objects with
all their necessary geometric and topological information into a database. Whatever
representation is chosen for solids, describing points or vectors in coordinate space should be »
possible. Also, since transformations are common to all geometric modelers, mappings -
sheuld be supported. The relational model allows only atomic values as attribute elements,
therefore it should be augmented [Meloni 1985] to capture vectors, matrices, and tensors. -

A structured type of rank m is given by m indices, a dimension vector ny,....ny,, and each :
element of that type has nys...sn,, coordinate values. An index iy is a sequence of INTEGER

values and ranges from 1 up to its corresponding dimension nyg. Each coordinate is an
INTEGER or REAL value and may be un’.-uely identified by a combination of index values

out Ofil,...,im

te
Examples of structured types are given in Fig. 4: A structured type of rank 1 with index
1,..,n is a vector of dimension n, a type of rank 2 with indices 1...,n; and 1,...n5 is a

ny*n;-matrix and so on.

Fig. 4 Dimension and Rank of Structured Types.

Trere arc two kinds of operations for a structured type U of rank r, with dimension vector
nj...7r, 30d 'vpe V of rank ry with dimension vector my,..,m, respectively. The first class
of 2rerations leads to a result of unchanged rank and dimension: Addition U+V and
suktraction V-U where the precondition ry=r, and ny=m; must hold for all i from 1 to
ro=ry Anally, mzdiplication 3#U and division U/s where s is a scalar. The second class
consivw nfa nm'c operation with a result of indifferent rank and reduced dimension: The
ver procuct UsV if the precondition ry=r, and ny,=mj holds. The new rank is given by the
formula ry.,=r,+r,-2, and the dimension vector of UsV is built by dropping the last
companent of the dimenzion vector of U and the first component of the dimension vector of

V and concateniating the rest. As an example, the inner product ¢f a nem-mitriz U arnd a
mek-m2rix Voresults in the new nek-matrix Us V.

2]

incr ~e have introduced a new attribute type, implications for relational of vrators have to
A .J"*d. The traditional mathematical set operations union, intersection, and difference

tl pousitle if the relations are of the same degree, i.e. having the same number of
wn‘m'f . Also, the Cartesian product for relations with structured types may be defined in
the usual way.

\1

£

The projection cperater, however, may now be applied not only to attributes but also to a
ctructured type itself to define a new type of reduced rank or dimension. Thercfoie, a
projection operator becomes a vector, matrix or tensor constrictor.

For the sclection operator Sg{Relation), we have to generalize the formula F slightly:
Constants in a formula may now involve coordinates of a structured type.
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The additional operators join and division could be defined by first "unnesting” (compare
[Schek and Scholl 1984]) the structured types and applying the usual relational operators.
However, performance would become a problem. Also, we don’t plan to support a join
concept for structured types based on coordinates. We rather restrict join and division for
structured types by rank and dimension conditions: Two relations with structured types are
called join compatible if corresponding attributes show same rank and dimension, and if their
values are drawn from the same domain. Of course, structured types involved in a join may
first be projected in order to make the relations join compatible.

............
.......................
------
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S. FIRST RESULTS AND CONCLUSIONS

After a decade of research and development activity, relational database systems are now
available as products. The flexibility, logical simplicity, and mathematical rigor of such .
database systems demonstrate a significant new approach to data management, especially in -
the business application environment. Today, relational database systems are also attracting

interest from users outside the commercial areas for which such systems were {nitially

d-signed. In particular, the need for efficient management of engineering and design data
has .nbgered resear-h on both the requirements of such systems and on extensions to o
existing database systems. B

Some experiments have already been made by extending System R {Lorie et al. 1984] to
sunerate and support surrogates for engineering applications. System R catalogs have been
mcdificd o capture the structure of a complex object. The structure information allows the
systvm to analyze the implicit jeoin operator and to find all necessary links in order to
maerizlize the query. Also, a special system table is maintained for each hierarchy of
relations to implemr ont a fast intra-object access path. This path is used to enforce
parent-child integrity constraints and provides better performance for clustered access and
manipulation of tuples which be' °ng to the same complex object

We have implemented a 3D modeler [Meier et al. 1985] based on a hybrid data structure,
namely using a CSG-approach for the user interface but storing the designed objects in
beundury representation. Our selids are restricted to plane-faced objects however (see Fig. S
5) The urer may transiate, rotate, or scale objects or may choose a Boolean operation for R
union, nteruection, or difference. Also, a hidden line algorithm is available to better o
visualize the objects. This modeler POLY has been combined with a relational DBMS

develcped 3t our institute in order to study interactions between geometric modeling and
Jatahoses.

Fig. 5. Using a 3D Modeler for Defining Plane-Shaped Solids.

At preseat. we are tecting a storage structure [Durrer et al. 1985] for complex objects and
versicns hazed cn the zurrogatc model. A multiple-tuple-at-the-time interface for PART-OF
and [S-A ctructures is the most important distinction to conventional DBMS. This
preccdural interface ailaws us to fetch, copy or delete a complex object by a single database
cullinerder o run geometric and graphical applications more efficiently.

Ackrovledymenis. 1 am grateful to Konrad Durrer, Erwin Petry, Erwin Reiner, Walter
Reiner, ar.d Andreas Wilchlin for implementing a storage structure based on the surrogaie
model, Helpful comments on an earlier version of this paper by Klaus Hinrichs and Hans
Hinterberger are also acknowledged.
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Fig. 1: Using Database Techniques for Solid Modeling.

Fig. 2: Conceptual Scheme of the CSG-Approach.

Fig. 3. Conceptual Scheme of the BR-Approach.

Fig. 4 Dimension and Rank of Structured Types.

Fig. 5: Using a 3D Modeler for Defining Plane-Shaped Solids.
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[

Tty oenamum saloe v of il hoand the minmium and mavimum values x X of ali a

e X

Aot can he done n Odng tmes fettineg v o= - 1o o= x 0+ LLooreate two new

coiments s s reprosented By the mples XNy b Oy Yy ) and consider the

SCUN = iy St sy forma b parr i and onldyv of

= |

ot ananterval Adgonithm of vould be upphied 1o S to determine bbbty between s and
thus solviie ne urmon prefiemn for fa b ] However, this lutter oroblem requires

0 o steDds, as shown in Aprenihixe T We conclude thut o canuot exist.

Lot us now examire f sortne of the s'san the -, a - o b-oorder enables us to solve the
sisibiity prebiem of s and s an less than Otn lor n) tme Sorune an the ¢ - order would not
neip, because the aniy the 2 orelevant as to f:nd the seoments whose x-coordinates Tall i the
niery ul Ix_,x,’], which can glwaysy be determined in hincar tme Sorting an the o, - or h -
order. on the other hand. makes the problem solvable in time O(n), f we apply the followiny

procedure tassume x, < ¥, and the s’s are in sorted b, - order)

1 Scun the sequence of all segments in order of increauny values of b, and extravt the

ordered subsequence s s, of those segments with x <x, <xl_| <U<K.
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Fig. 4 Dimension and Rank of Structured Types.
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Note that ac any time during the algorithm, all the segments to the left of s are at least as tall

I8 N
Suppose 1 <1< <1 for some m2 1 are deleted duning one execution of the interior of
the cuter whiie toop Then,

(), " 1 Ve Y

N ; - -

0 i .y forallk T<hem = |

™
-
it

1, forallk, 2<k<m
Lemma 6  Ascume 1<) Then vand j sce cach other of and ol 7 and ) become adiacent in

\N
Proof (Sufficiency =

Suppose tosees 1 Then g <mintaca) for i Ko <R<) Supnose §and j Jdo net hecame
sdasvrtan W hen there must be some seament between them, s <<y which v not

duiered hefore cither oor )

IErand p are dedvted at the same time then by 1) no=u. and bv 2) and 3) & must aise be
defered However then o, = o = a0 whech s not possible,

If 4 and j are not deiceted at the same time, then fet ko he ne seement adjacent tr oor .
wrichener one s deicted fiest, ot the tme of thes deletions Then by 1) a2 tie heweht of this

seoment, sooa 2 mn (g ) which 1s not possible

(NCoessaly &)
Arsume tand ) become adacent in W, but do not see cach othor Then there evists v i< n <l

P N

such that u > min (g .4)

Cave I a, < a

Let k be the closest segment to 1, such that i<k<j and a, > 4. Such a k must vust
does not see ). In this case all sexments between 1 and k are shorter than i and k. so k will not

he deleted until it becomes adjacent to i But then since a; 2 3. k will be deleted at the same

time or after +, and 1 will never become adjacent to |




1
Cuse 2. a,>3a,.
Let k be closest to g wuch that ik« and 4y 2 a4 Then by the same reasoming, X canpot
be dedeted betore +ond o and § cannot become adjacent to rin W
[he corroctness of e pconim Torews dhresthy from oae lemma, since vach seoment o
de Actoied Tramt SV oand Lr o e e sodnie s L bsees ab s top wind he reporied

A oenanpie toaliustr e the aivorthmos 2oen o P SOowhere s, o= L G = (200 5
Seo= Y s = 40y L = o0 T G = daa e = (T2 and s o= 804 The

\ . . PRI, N ., -

deraded onecanon o e ale rothm L ulso desernibed

12 The swrpl v iue
NanLris o Tae Lcel ot soomente s s hane overiappiny oo ectiens ot the seaas for
v Ter b= pun h Tarant wnd U= maxda dgegns (See Figo 6 W consder the
Poaboan e mootod Do
g Eviend o7 e s seoments downwards to reach 1L
chy boend U e rzag seamients apaards to reach L
. Senve Dot Cases v oand o The combined resuit wall anclude cil sty ros
ST A R T s DRI o s hecau.e ol the follewinge property Conader any ow
seoTonts s owieh e cacn caner o and constder any henzonta hine Koanterseotng o
ST e G rselt Lny L tier seements between soand s Fhen cither e seuments are

ot s erthe e s aheae Koo i beiow Koo I cither case, the soanilin panr o

C 2t or Cuse hy or both.

The apput scumenty s, «- vy o= e g b for all g are soch that <0 <b <A and lor

R -

tolth oo = A arh =0 The s 'surean sorted x-arder. (See Fig 7)

The sermente Lre assumed o be separated into two hists, T oand B, which are Jdoubiy

inked usipy a00's wnd ) g ancreasing x-order T as the imital element of T, B, s the




mmitial element of B T consists of those segments with 2, = A and B consists of those
segments with b= 0 Note that a segment with a, = A and b = 0 can be i cither list, but

wiil be assumed to be wn only one.

for this case s divided nto two phases Durnine the birst phase the

The aicorithm
bt nesy cmoens scements of Towsll be obtained. This s accomphished oy in the rooied casce,
¥
v osoanreae from et to o night the tist of the T oseements and dedfeting the feft focal manvimum,
458

hus processne v Tososerments as an apside dJown rooted case. However, reporung visihil-

Dos wail he deiterent since the Boseements may atfect the visibility of T scements

he foltowing o necessary and sufficent condinons tor two T-sepmenis to sce cach

s nonaty and the tadest Boserments s wath <k has g <A
Dar=o oo cossne o otte bt tand o become adjacent after the remeovan of mocomey

wd the tuliest Hesvomento s owith pefh < has o, <b

Tocheok soanaiy f T-segments dur ne the algorithm, the height of the tallest B-scegment

oo he s wept ior cach i RBCY wul denote the hecht oof this B-seament

Vdmonal snformation os retwned for use in the second phase This intormation consists
crowsich desewmient o Tesegment soee ot oty Up Gf anyy This imformation s stered mothe

strass M TR and VT

Assume tan hounoury sey ind s, have been added to the T hist Detine ©oof ine

Lot Beseoement as n+ 2

Phase One

Vs the pomnter for the T-hist

i1y the pointer for the B-Iist.

Preprocess

10 e 13,

T TR RT sV WLIwWCV UV vV e
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Irothe sorted eorders of the a s gad b0 are Known then the sevond phase can be oo m

plhobed anvine the waome vertica! scan techimgue as for the rooted case A Bist b s kept of thos

seomends, ooy fare o nichto whach antersect the honzental scan hime dmitaldy ol Beseenoans
oo the vt b A i saan e s mosed up, Beseoments we deteted from boand Tosesmoas
Creomserted e | Pre dtiorernce with the rooted case alzonthm oy 1o ihe Tosaenne N
CUoaeroor vansty e w e preserving the x-ordenine of e w0 Toson st e
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that b <b < <b . So when segment joas seen, we smply set APG) o g for alt 1+ i
. N 0 t

trae oo b such that boca This as done by scanming the bst b b o b in that order untl
N . J . N N i
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For this algonthm it s assumed that 1o, 00, ivan the ordenng of B- and T-sepments by

s e e

2 and b ocollectiveiy anacreasing order such that

- T ' s and <« are both T-sepments with b = h  aad o 010 the neht of o then
R N ‘i ) 'k m 'k ”
p
3 [NES ]
S
o M e and ~0 are both Boserments wath o) = a0 and ¢ s to the nshe ol S thoen
~ N o k ‘m N ' -
Aeom
i®
kD) If s~ 15 a2 B-seoment and s s 3 T-seameni such that 2 = b then mi<h, 10, o
1y ' N [N

U-ovument precedes o B-sogmentin the ordening when ther a- end b-vaiues are equal

Preprocess

APL et 0APT s 0 gueue and s imtializod to contamm g segmeat © whose h-value s

Al AP e and jeeAPL e msertion and Jdelvnon operanioaas on AP

\.-k-ﬁi

Do wkie Knant Tvpetib=7 and VIRO )20

oo =T then AP @,
ciae D Tyres =B othen jeAPL,
Do winle w zh

“ .

\}‘(;/*lL

ra=APL =

Frdwhle: 1

APL @) i :

fl -
If k =0 then e APL

Do while b s A+ .
AP =0 -

ja APL -

t ndwhile
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Endwhile

CAPG) s the position that s immediately to the right of the T-segment j when j i
. seriedd o othe bist Lobetew. If AP(;)=0 then j is to be inserted into the nighumost position of
o
!

(I

the st boto centwn the Boscments inoancresving x-order and maintain it as

ety

9 > douwbiv-nnked s

‘ [N

p Deownde s
b
Ieasroa =T then Ve = b else Vialue <o ]
[N ‘e
‘ Doowije Tvpeti d=T and b = Value
F -t ~ N
DoAC L woanen Insert ) te the deft of AP
i Insert g ut the end o1 L
s
i
CToaiieo 1 =0 then Report (i
VoTnpetno =B othen Report Gentg fl
I Topet Goo=Band VT (=0 then Report (Zha)
- WlTopernn, =8 ana Tvpetr{y))=8
then Repert oo 1 e N fl
NN
Facawaie
- Dooable fopen =B und o = Value
Yy
Iodepetns =B ahen Report (oot )y !t
~ » Ly
WD opet =i rhes Renort GO v vt
I Teper e e and o <oman G . )
o kg . W T Oyt
. then Roeperr o sty s
: Duite s e |
[NE
- Endwrie
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For a seament, s, the set of siable segments. 4 ) |G or () a8 a visibihity pair s
vinphy the set of nodes which become adjacent 1o node i the ast sometime dunine the scan
Iy possibie o determine these segments without actually perforaume the soan, and thus

wotheut asing the o or bosorhimgs

Lot RV = 4 0 s aovisevility paer and >0t RVO) v the et of seoments on the -k .;.-:

PP NI ceit s s Cleariy b RVO s getermaned tor cach s then v R o -
weo UTeoreported Suppese now that s g Boseament and conssder the Tolinwens twa e l

Giunees P sesments, Bigy and Too

“ .

Boro= e 0 seeh b S, iy o Besegmient with 1<g o nd noCa Tor s leljen in -

Saaliton g o= nat ound 4, < for all Tgyak and of s s 2 B-oseoment with g egelg . ter
. . g -

e awass e haed umiess 3 happoas to o be the last seamentsin the doamie comh Ry .

vt exuetds those sezments s wouid see if there were no Taoseoments (o blosk ~ - -

Hence B cun bo determined for all Bescaments by applvine tae rootodacase aluors ;:'_

% ool Bevements while wwnoroe the T-seements

- .

Prir = o weere vachos s o Teocament and s s the it Tesesinent s o p un -
P L ravbkoand if s v g Teserment such that p <p<p 0 Tor seme s ohen

Tros man be empry o there are no Tesegments to the ncht of « who o nona

z . '

s erhan kot s T consists of exactly tose T-sopments ah oo

N

et ieht ol there were no other B-seaments to block s 7 ovision i
Cloar RN BE G T o RV can be determined by scannimy bodh B o 1o, iy
pevhir s v seder Hfeoen el to nehOl and halung when either of the two sequenses intortore -

witt sy wion of (he other The deliration below pives the hirst par of seements, one from -

cachoaegueaee . that Pk S s vision onoits rieht. -

Dofpe o h) sach thar tegeh 1 <n<m ind 9, zh, andal p <q, then b o -
4y Y I o -
clse 1 3f g o then) b o
N v Dw %
)
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[ g, <p, and a <o then lwth=01b, =0and Py <d, then let g = ().]
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19 cuch anair (g ) enasts, then

Gl owo o does net oast o ven Poooang T aot aeterfere with cavh other and
Ry = B T So o Das caee e ce o= om) o [ras Sear that (Lh) can he tound

oseanimns Togoand Bt smaltane usly and that the number of seaments sxamined s an
vt TR i raeer o e il Dars ron arted wnthun a constant. Exactdy the same concept

Cor Comrunne RV cor eaeoment oo We shall ginve below 2 brief descripuion of the

eomenen car comennne RV for eaen B-oand T-scemen:. Note that we should not compute

B ard | Lo toe L B oor Teseoment. otherwee the fime taken mas be more than
@ Melue KN e Sonten muck fewer crements thape tose tontaned a8
" Tr N v ah e tme reeded for computing RV for all Los propertiongl o

Sl - hus rae s marted piee tne tetad pumber of Beoand Teseaments eaamined
N cLr ot eta o beoasd Besecaments inosorted x-order from oncht to eft Dunmg
AL b oa ot Teserments oaa 1 that we nave scanned et order waith
St ot Besnrmenty ey, with 4, e > > When o T-seumentt

. - Bl

St s T e o nwanrd and s delewed from T and nciuded o RN o
e e L ib o s rnsd foraant fromoooand gy 1 diteted trom Boand icduded n
RNar s v Do e U nen appended o the st B When u Beseoment sy seen,
= CoaL ot ot osment s oappended toothe It B thor an cxameple see B

4 General case

I s soction we _onwader e ceneral problem and propose a method todiade at into
suhprehierie which are Jdounie comns Then solve cach dewrle comb case separately anmd
combine the eesults ecethior The complete algonithm tahes time QN where N the total

namber of sermonts wtier the devisien
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PN s determined o obe smad! cnough, then the probiem can be easily divided into double
cembosubhprorlems, uaing the UVGa's and TGO s, The subproblems will he numbered from

v

e o Ceunt o Pach subproblem must Be oprovided with i T and B ohists of segments i soited

Lo chese dists ore halt comvttaneous]y inoone scan of the ontire st of sedents, an
veorder A cach sesment s s encountered s appended to the B-Gst o UG, the T
cb DG o e Beter oo o sumiber propery between UG and LGO0
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st e ampi s en e s and B which are made by the double comb aivonthm.

e Lan DO st ed Dnowsine g bucketU sort o order all endpoints of equai v-coordinates by

Toonor s e rererate s e s consndeniay i b s of o wven vatee before any as The
N e e ey replaced oy the Yoo cl the horz aata bnes hound-
. s S LR
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Cooe accomplnhed inobnedr Gme n the anmber of seaments, n,
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that of a segment, s,

3

is defined to be the contatnment number of Cleatly,

divided into more preces than its containment number plus one

There are untortunatehy . examples i which N can be On7), as iltustrated i the exampie

Fie Nowhere there are o 2 done seuments and n

The total o~ 740 2+ 0 = -

ne Bivided e twe ahoe cach donrg oncanto (n 2+ 1)

[ s

Fhe disiding aleorahn prosented ot the begmnming of o
can heused tonrd ont waet the vt value of NOas for o any apeaitic tnput hefore actue !

runming the whode dvorhm BN terns oet to be larve say,

may want toouse the foitowan

L O e n) ame algenthim instead

Iroe s s o g rithm s desirend

May Teoanenn Looansert o s

et onto a hist o The sorome of the a's amd b7
coential ownie g sdan Sy cun Pe used. howener the amplie aleonthe precented here

U X -sartings

The svemonts w i be soanned o decreaainy

Lo veoeordimate, o hist ot Gl seemenis o
- Neardter crossipd o Borrontat soan ine aall he kept Inoorder toinsert o new seoment irto the
Wt rowoand e aed Bacn neds wl huve anoempiy dae

and cach edoe wail abo e an

cirpt s o bt e sen gt i nadesan the subtrec below tnare empts

step 1 Budd o Paiancsd Mooy tres wwing the noserments ordered Dy s as nodes

Step 2 Consider cact vy which s erither a b oor an g,

Step 2.1 Foreacha = o

Fiad a newhbor on the st and msert, by startung at yoan the tree and using the empty

fiags to find a naivhbor Reset s empty fluy, and the empty flags of the sdoes
! P ply

between - and the root
Step 2.2 For each a =y, report visthility pairs with 1ts neighbors in the dist

Step 2.3 For cach bmy report wisthility pairs of s neghhors of neither neichbor hav b =y

s oowiil not be

2 chort seements Fadh Jhort secment aLl

I
3

Donosednon which takhes Oind Gt

targer than o loo o then o

. then the atuornitinm hecomoes guite sunple wnow
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Delete 1 from the st Sct i's empty flag and if both edpes from 1 (below) are empty,

trave! from 1 to the root, setting empty flags unti either a non-empty node aor an

adjacent aon-emply edee s encountered.

Repeat unn! all segments have been inserted and deleted.

N

Conclusions

voabes parer we studicd o vty problem unsine from VLS layout compacuon

Vartous complesay osuiis tave been ottained. Assaming the input being sorted in their x-
s e coordinatus, we proposed Birear tme alvorthos for vanous special cases and presented

Jivigne

alaonitnm cor the eoavral croblem, whose Ume complexity was hinear 1in the number

o tingi seemeents

Pl o Tt oo

~
-
3
~
-1

al iy problem can be sebved noanear




Appendix 1. Proof of Lemma §

Several probivms related to the umon of k-dimenvional intervals hove been raised 1

computational veemciny The origingl formulations can be found i [XLIOV In partcuiar, for

]
a= i Klce posad the question whether the measure of U [;\‘.b,j can be found in loess than Oy

N -
Log s sieps 19 A nvsative answer te Klee's question was provaded by Focdman und Wende on

\

Prol o oanere they snoewed that the measure problem reguizes W e L a aeps under

Drecovon Troe compatatonar model with Lincar Comparsons 10110y o In DIT O calh
Coa doasien trer s laoeied wath o a hineuar function of the nputs, which v compuied uroen

o ctaar o the acds The value v oof ths function indicates whiother o arodaod Lrine Torr s o -

booor e tte rraho s o <Y ooy gs Taken as the answer when compuied oo et o

1

Gidine B orrohivm cact Teat s fubeled with Tves” or Tno”intead of o tuncinoe

i~ s wrpen o wo oonsider the COMPACTNESS decivion arebiem. us o~ e poronhos,

coowenether Ui b b s anoantersal, or o st sphits imto sesersy et et a s
E N

CONMPACINESS o oo tnvaally sorved i O og n) steps, by sorune the mntems e 1 ne g -

eoosders ond then nadding the anterval unmon by adding one nterval ol o ne Hoewener,

W Ty et e problem actually regquires 2 in Jog n) steps. Our U dar o
Saroosed e T 2 ine man theorem of [10])
Chom CONMPACTNESS reguires 2 (o n) stepsin DTT.C mode!
Fooo Les the coanomts al b of the noanput antervais be o treated as coord nates oo -
Dowrs o mo sy e e establishine a onc-to-one correspondence between ardeod ot o :
O e O LT A A TS Weoe o will gse the terms sots of gate-ust. b
coomareeamn Do pomts POP trave the same path voan o DILOC aaerthm Tor © OGN ~
PO INTNS ey o o the seme dvaf, and receive the same gnswer Uyes oor o In .t
oo brear onecaates cacnn dered alone v define o convex region Tan the space o wacn P
g hedene acstior o art the points of the straggdit ire seement py N peont e

o o s Yy saire gnswer from the aleonthm

Conwder now ane nontersals 1= (O LD = {12100 = [0 = 1ol There wre o1y

permutatons <o meo wo of such antervalss such that = (D = [ Tor ail o1 hat o the )
fest inrersal s glwavs e the first posshon) . Each of the above permurtations = corresponds to
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EXAMPLE  DOUBLE COMB CASE (b): WITHOUT SORTING

R N S

PRt ath Sl N SRR S

ST

2 2 3456 910 12 14 17_18 19 20
T 7 -l 1
oo I [ ’ ' |
! [ i |
i 10 | l |
9 h ' } P!
; i |
! ! | |
- | ‘ { !
i ] I :
; ) ! ! ! |
) | : ;
' > | ! | 3
q ! i i ‘
‘. 2 ! | } l ¥ l '
‘ ~ ! ‘ ! ] 1 ‘ 0
‘ 2 ' } l | | ! ;
| ‘ { bt 1
T I
C | | 1 o ‘ i
; TS 7 8 i i3 5 16
!
GENERATEL
5t s {7} T(1)={3,5} RV S
( , U
i : B(7) = {8,16} T(7) =UO} RV{7) = 8.0, 6;
- % 8i5) = {11 Ti8): ¢ RV 3, = c
; ' BUL = {13,15,16) T« @ RV s (1T € By
j aea s (= T3 s ¢ RV T =
: gg) = {6} THS) = P RV{S] =<5

e R

. - 1
: 7
. Fre 7T (Purt 3) Double comb cuse (without sarung) :
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PROCESSING PHASE TWC (WITH SORTING)
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T-SEGMENTS ARE SQTUARE NOTES
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Double comb cuse (with sorting)
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!f EXAMPLE DOUBLE COMB CASE {a):WITH SORTING
. } 2 3456 910 12 14 17 18 19 20 )
. ' 12 T T T T
- I i
, 10 i l { .‘:*-
N Lo | R
. Lo ‘
8 i ' ! -
X 7 b !
A € ! ‘ !
, ! | -
S | 1 i )
4 P ! ! -
e Lo !
3 o l l l | .
i 2 : f ! -
; o i l :
; ] ] t ~
; 5 7 8 i 13 15 16
!
{
5 H RESULT IF PHASE ONE
: PARS REFIRTIC (2,2)(2,4)(4,5)(5,5) (6,2) (2,10) (10,12) (12,i%) (14,17) :
(17,18) (i8,12) (3,5) (5,10) {12,17),117,19), {17, 20)
VTL VTR INFORMATION - <
y AP's OBTAINED DURING -
. ! T.SEGMENT  yTL VTR PHASE TWO & UPDATES -
S 2 5 3 3 o
? 3 5 5 5 ’
b a 3 5 5 =
- - 5 o o 7 :
- ' g 5 9 9 -
. ! ) 5 10 10
: , 10 0 o) 16
2 3! o) 6 -
3 i2 '7 17
V7 o] 20 20
- 8 17 9 19 -
12 07 20 20
A Fre 70Part 1) Double comb case (with sorting) .’
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Fig. 6 The overlapping case
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n-1 .:'
) RN
e R
a6
S fae 4 An example to diusirate Lemma 3
I Ss3
s ;
. 4‘; S1 Y l S8 :
- ! I | | sa ] e
: 3' , s sy
| 5
- 20
; Ll ! |
n 1 2 345678
S TIME THROUSH LIST C ;:':
; THE CUTER BEFORE BEFORE SEGMENTI(S) VISIBILITIES
NMILE LOCP ExcCuTs EXECUTION CELETED REPSRTED -
=N /‘\ -
 RALASARALEHS ;
pu N g \
AN OPOSOZOBONOBUSONO), 7 52 (©.2,(2.3) 5
3 i &Y (54,@ c,, 7 2 KJ )\_) 6 L1 (%.61,18,7)
VRO A Se.5 (7.8),(5,75,(4.5
4 :)-.rMI\J\)ZA aJ\,\J 3 37 , .
SO 3 R S
s LB EAD s s
5 = P
' 6 @\}3«)\.@‘_}3) 2 sg (3,8),(8.9)
~
e R OSORO; ' sy (0.2),13,9) .
@ ;9) STOP —=0 e
§ N
VISIBILITY LISTS -
- Vin) s 1,2,3 V(%) +6,7.4 s
g . vi1)+0,2 Vi6) = 5.7
X ‘ Vi2) «1,0,3 Vi7) «6,8,5 .
) v(3) «2,4,8,09 v(8) »7,4,3,9
. v(4) =538 Vi9) +8,3 -

Fre & Paampie of the tooted case
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an ordered set of intervals, hence to a point P, and all these points receive answer “yes' in

DTLC. because U T is clearly an interval. We prove now that ao pair PP, of such points can

trace the same path an DTUC. In fact, if this were the case, cach pomnt P oon P.P. would
recerve answer Cves' . It is straightforward to note that any such point P corresponds to an
ordered set of intervals of unit I rgth. However, of r> 1 is the smallest index value for which
ki =T .m(K) = L .r<s, for some k. as soon as a point P ostarts shiding from Poto PLothe
unwen of the intenvals of P obreaks up into two intervals, around the coordinate vulue r-1.
Henee, there is at feast one pomnt P on f’—P_J whose answer must be "no’L agaiast the hypothe-

sis. thatas, Prand Pomust correspend to different leaves.

MWoocondtude that DTLC must have at least (n-1) distinet leaves, that s, 1ts depth s 8 (n

fov )
O

Taw above proct makes use of segments of equal length. Therefore, it also proves thut

COMPACTNESS remans of 2 {n log n}an the restricted case a, - b, = ¢, I <i<n (e, all

nereasis have the same leagth
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Stereophenomenology

stereo - solid

o phenomenology
- theory of representation

Representing, manipulating and
reasoning about physical objects
electronically.




What does science include?

representation of objects .
surfaces and solids :
functional dependency
hierarchical view
abstract models - features, etc
generic objects
internal structure
flexible and nonrigid objects

algorithms
display
intersection
motion planning

user interfaces
cditing
interactive graphics
attribute grammars - simplifying local changes

reasoning about objcets
grip positions
external forces
shape
design for function

manipulation
gripping strategies
object motion
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pipe(radius, thickness, length) := (cyll - cyl2) N H1 N 12 where
begin
cyll := yeylinder(radius+thickness);
eyl? := yeylinder(radius);
1:={y > 0};
H2 := {y < length};

: top := (cyll - cyl2) N {y = length};
L bottom := (m/ll -cyl2)N{y = ()l :
LA outside := cyll.surface N H1 N H2

top.in_edge 1= top N cyl?;
bottom.in_edge := bottom N cyl2

T

fenqged_pipclradivs, thickness, leng?h) 1=
swmooth_ctiack{nipple top.in_cdge, ¢flengc v oman_cage, 1)5) wi
pDegin
= Seilacknesehole_¢iommcies;
Sange 1= pioc{redius, fi f4
v 13 . ! .
ilange = fmoof} o flange.outeide, flange botion, 1/16.:
ripple := pipe(radius, thickness, length);
bottom := nepple.bottom;
top r= sflongciop

end;
ovoid(rl, r2, r8) := smooth(cyll N cyl2 N cyl8, r3) where

begin o)
eyll := ymove(-(4+9/16), zeylinder(r2));
eyl? i= ymove{}+9/16, zeylinder(r?2)); A
cyls := zeylinder(rl); B
end; 3
=]
:
]
]
-‘_1
)

.
]

o akemm




x-slice(width) := H1NH2 where

begin
Hil:={x = 0} R
H2:={x = width}; >
left:={x = 0};
right: ={x = width}

end;

®
‘ v-slice(length) := H1NH2 where
begin
Hl:={y=0};
H2:={y<length};
front: =H2;
back:=H1
end;

z-slice(height) := HI1NH2 where

begin
H1l:={z = 0};
H2:={z = height};
top:=HI,;
bottom:=H?2

end;

cuboidilength, height, width) : =
x-slice(width) N y-slice(length) N z-slicetheight) where
begin
front.right-edge := front N top;

front.right.top-vertex := front N right N top
end;

................................................



vertexl:=(x-, y-, z-coorainate);

vertex8: =(x-, y-, z-coordinate);
edgel:=line(vertex1, vertex?2);

edgel2: =line(vertex7, vertex®);
front-face: =patch(edgel, edge2, edge3, edged);
right-face: =patch(edged4, edge8, edgelO, edgell;

..........................................
..................................................
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Comparison of techniques

abstract models versus solid models
solid models versus surface representations

o polygonal patches versus bicubic patches
versus algebraic surfaces

numerical techniques versus symbolic

More general objects

nonrigid
plastic flowing into mold
sail

shape dctermined by external forces
coil spring

generic or parameterized objects

Design for functionality

can objects be represented by function
rather than shape and dimension

............................................
.........................
...............




an

Theorem (simplest form). If there exists a motion
of two objects from an initial position where they
are in contact to a final position where they are in
contact then there exists a motion whereby the
objects remain in contact at all times.

Motion is continuous but point of contact is not.

Motivation

1. Trying to place problems in PSPACE-linkage
motion, block motion

2.

3. Compliant motion

Simple multiple object motion planning
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HOW DO WE REPRESENT GENERIC OBJECTS? POSSIBLY
BY REPRESENTING ABSTRACT OBJECTS WHOSE POSITION, SIZE
AND SHAPE ARE INSTANTIATED ONLY WHEN SPECIFIC INSTANCE
NEEDED.

ALLOWS MOTION PLANNING AND CTHER ALGORITHMIC
TASKS TO BE CARRIED OUT FOR CLASSES OF OBJECTS RATHER

.
: THAN INDIVIDUAL OBJECTS.

AN OBJECT IS A PARAMETERIZFD MAP FROM A
CANONTCAL REGION OF R3 TO RO

...........................

---------




MOTION IS A CONTINUOUS MAPPING FROM [0,11 TO

PARAMETER SPACE.

EXAMPLES

TRANSLATION

ROTATION

GROWTH

CONTINUOUS DEFORMATION

.......................................................................................
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Lemma: Configuration space is path connected.

Lemma: HO(S) — 7K itk path connected components

Lemma: Hl(S) = ¢ if space contractible to a point

Mayer-Vetoris Theorem:

hy hy
hi h,

Is an exact sequence.

exact sequence image of h; = kernel of h;__,

..............
........
.

.................................
A




conditions for theorem to hold

1. Translation is needed in order that configuration
space object be path connected.

Alternative Lemma: There exists two paths,
one in free space, one in the configuration

space object.

£%

2. Space must be contractible to a point.
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